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Abstract Although hyperextended rifted margins have been the focus of many recent studies, the
potential interaction between tectonic deformation and sedimentation during extreme crustal thinning is
poorly understood. In this study, we aim to explore the tectono‐sedimentary evolution during final rifting
and lithospheric breakup in the hyperextended Liwan sag basin. We demonstrate the presence of an
oceanward inclined shale sequence, which acts as a decoupling level separating a subshale from a suprashale
layer. The suprashale layer is characterized by progradational deltaic facies with a high sediment supply to
the north and basal facies farther south. Extensional faults together with local gravitational structures are
syndepositional and formed during hyperextension. The shale is observed to overlie a highly attenuated
basement comprising high‐reflective sequences that may correspond to meta‐sediments. We propose a new
model to explain the interaction of tectonic deformation, gravity sliding, and sedimentation. A first stage
includes the crustal necking that goes along with the deposition of synrift deltaic sequences decoupled above
prodelta shales. During hyperextension, a high sediment supply is linked to migration of depocenters and
extension oceanward. The prodelta shale layer acts as the main decoupling level, gravity sliding affects
synhyperextensional sediments, and dome‐shape structures start to form. During a third stage, deformation
migrates outboard, while formation of dome structures continues in the Liwan sag basin. Although the
process controlling these dome‐shape structures remains unclear, a magmatic origin is likely. Diffuse
deformation related to differential compaction and minor magmatic additions continued to affect the
margin after the onset of seafloor spreading.

1. Introduction

Although sag basins have been reported from many hyperextended rifted margins worldwide, at present
their tectono‐sedimentary evolution has been little investigated. This is mainly because most sag basins at
hyperextended rifted margins are below thick postrift sedimentary sequences and are often masked by salt
(Hudec & Jackson, 2004; Jammes et al., 2010). In the past decades there has been an increasing interest in
understanding distal rifted margins, that is, the processes and the evolution of rift systems developing into
seafloor spreading (e.g., Huismans & Beaumont, 2011; Larsen et al., 2018a; Reston & McDermott, 2011;
Whitmarsh et al., 2001). At present, however, except from industry data, there are only a few high‐quality
seismic and drill hole data sets from these distal domains that are accessible to the scientific community.
The Liwan sag basin is one of these exceptions from which high‐resolution 3‐D seismic data are available
and, due to drilling, the main stratigraphic sequences have been dated and correlated across the margin.
This information enables a reconstruction of the evolution of this basin and understanding of the processes
controlling its formation. For the Liwan sag basin, key questions are how deformation, including tectonic
and gravitational processes, interacts with sedimentation and subsidence during final rifting and the onset
of seafloor spreading and how the observed sedimentary architecture of this sag basin can help to better
understand the evolution of the midnorthern margin of the South China Sea (SCS).

The Liwan sag basin is made of deformed syntectonic sedimentary sequences. Deformed synrift sequences
are commonly observed along distal rifted margins, whereby two basic types of deformation can be
described: one is driven by tectonic stresses (e.g., Gillard et al., 2015; Lister et al., 1991; Osmundsen &
Ebbing, 2008; Péron‐Pinvidic et al., 2007), while the other is the result of gravitational forces. Tectonic
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deformation occurs during the so‐called synrift stage, that is, while the curst is thinning and extending.
Gravitational‐induced deformation commonly occurs during the postrift stage, while the margin is ther-
mally subsiding and thick sedimentary sequences fill the available accommodation space. Gravitational
deformation at rifted margins is classically linked to either salt or shale levels as documented along
Atlantic type margins (West African‐east South American margins), the Gulf of Mexico, the Red Sea, and
many other examples (for review see Morley et al., 2011). These classic examples consist of thin‐skinned sys-
tems that are, in most examples, postrift (e.g., Duval et al., 1992; Rowan et al., 2004; Spathopoulos, 1996).
Synrift, gravity‐driven deformation has been observed along the northern West African margin (Morocco,
Mauritania, Senegal; e.g., Tari et al., 2003), the Nova Scotia margin (Deptuck et al., 2009; Ings & Shimeld,
2006; Wade & MacLean, 1990), and the northern Gulf of Mexico (e.g., Peel et al., 1995). In these examples,
the interaction of tectonic and gravitational deformation results in synrift structural complexity. However, it
remains unclear how to distinguish between tectonic and gravitational‐induced deformation in the presence
of strong decoupling layers. Espurt et al. (2009) and Jammes et al. (2010) showed that the two processes can
interact and occur simultaneously. In this study we discuss the links among sedimentation, tectonic defor-
mation, and gravitational deformation during extreme crustal thinning in the Liwan sag basin.

The aim of this paper is to (1) examine, describe, and interpret synrift sedimentary sequences and their syn-
depositional deformation history (tectonic and gravitational) recorded in a high‐resolution 3‐D seismic data
set and (2) link the tectono‐sedimentary evolution observed in the sag basin to the first‐order isostatic and
kinematic evolution of the whole rifted margin. In this paper we interpret a new 3‐D seismic data set of
the Liwan sag basin (Ji et al., 2014; Miao et al., 2013) that provides new, compelling information on the evo-
lution of the distal domain of the midnorthern margin of the SCS.

2. Geological Setting

The SCS is one of the largest marginal seas along the western Pacific margin. Its evolution has been heavily
influenced by three major plates, the Pacific, the Eurasian, and the Indian‐Australian plates. The northern
SCS developed in a transitional context from an active to a passive margin. Extension in this area has been
interpreted to have started at 65 ± 10 Ma in the Late Cretaceous‐Early Paleocene (Hinz & Schlüter, 1985;
Holloway, 1982). This extension overprinted and postdated the subduction of the Meso‐Tethys and Paleo‐
Pacific underneath Eurasia during the Late Jurassic to Early Cretaceous (Zhou et al., 2006). In this geological
setting, a series of rift basins were created in the northern margin of the future SCS. The Pear River Mouth
Basin (PRMB) is located in the midnorthern margin of the SCS (Figure 1) and will be the main focus of
this paper.

The PRMB is a Mesozoic–Cenozoic petroliferous basin with a total area of 200,000 km2. The sedimentary
architecture of the PRMB can be subdivided in two parts: a lower part made of Paleocene‐Oligocene sedi-
ments that record the crustal stretching history (synextensional) and an upper part made of Neogene to
Quaternary sediments that record the postrift thermal subsidence of the basin (Huang et al., 2005; Ru &
Pigott, 1986). These two sequences are separated by the breakup unconformity T70 in the PRMB. T70 is inter-
preted to define the moment when oceanic crust first formed at the midnorthern margin segment of the SCS.
It corresponds to magnetic anomaly C11n, which is dated at 32 Ma (early Oligocene) according to the mag-
netic time scale of Patriat (1987; see also Briais et al., 1993; Taylor & Hayes, 1983). Several episodes of con-
tinental extension preceded seafloor spreading in the PRMB, including the Shenhu Event (onset of rifting
dated as early Paleocene; Pang et al., 2007), and the first and second episodes of rifting, corresponding to
the Zhuqiong Events marked by major unconformities T90 and T80, respectively. The T90 boundary has
not been recognized in the PRMB (Pang et al., 2007).

In this study, the main focus will be on the Liwan sag basin. It lies between the Yunli Low Uplift and the
Outer Marginal High (OMH) that separates the Liwan sag basin from the oceanic crust (Figure 1). The max-
imum sediment thickness reaches up to 8 km in the center of the Liwan sag basin. The crust under the center
of the basin has been strongly extended to a thickness of <9 km and locally even to <5 km (Gao et al., 2015;
Yan et al., 2001). Ji et al. (2014) identified extensional faults and diapirs in the Liwan sag and suggested that
these structures formed coeval to the opening of the northwest subbasin of the SCS. The area south of the
Liwan sag basin has been drilled during International Ocean Discovery Program (IODP) Legs 367/368.
The basin has been imaged by two‐dimensional (2‐D) long‐cable and three‐ dimensional (3‐D) reflection
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seismic surveys. In the past, research addressed key issues such as the sedimentary system (Liao et al., 2016;
Liu et al., 2016), the nature and structure of the deep crust (Gao et al., 2015; Yan et al., 2001; Zhou et al.,
2006), and the synrift extensional structures (Ji et al., 2014; Xie et al., 2014). However, a more detailed
description of the tectono‐sedimentary architecture of the Liwan sag basin and a discussion of its

Figure 1. (a) Bathymetric map of the Pearl River Mouth Basin with the structural divisions, Ocean Drilling Program/International Ocean Discovery Program
(ODP/IODP) drill holes and seismic survey presented in this paper. The dot‐dashed black line marks the boundaries of structural units; the blue box indicates
the study area, as well as the location of the 3‐D seismic survey; the pink line corresponds to a long cable seismic profile shown in Figure 1b. The upper left inset
shows the location of the Pear River Mouth Basin (PRMB) in the South China Sea. (b) Interpreted seismic reflection profile showing the large‐scale structural
configuration and the main sedimentary sequences used in this paper. Note the major rift and deep structures in the Liwan sag basin. Abbreviation used in this and
other seismic cross sections: HARs, high‐amplitude reflectors; V.E., vertical exaggeration.
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evolution and mechanism in the framework of the whole margin is still missing and will be the aim of
this paper.

3. Data and Methods

The wealth of data sets, including 3‐D seismic data and wells, make the SCS and the Liwan sag basin in par-
ticular an ideal place tomap and correlate deformation and sedimentary structures over a large distance. The
multichannel seismic data set used in our study was acquired by the China National Offshore Oil
Corporation (CNOOC) from 2002 to 2004 with 576 channels (~200–7,400‐m offset). The long 2‐D profiles
were collected by a 7.5‐km long cable. The data were sampled at 2ms and recorded up to 10 s (two‐way travel
time, hereafter TWTT; Figure 1b). The 2‐D seismic profile presented in this study runs across the Liwan sag
basin and extends over oceanic crust. In places, deep crustal reflections above theMoho are visible, although
the interpreted Moho remains a matter of debate. The 3‐D seismic data cover the major Liwan sag basin,
with a total surface area of 1,600 km2 (Figure 1a). Both 2‐D and 3‐D seismic profiles have uniform acquisition
and processing parameters, and the trace interval is 12.5 m. These data are the basis for this paper.

Since 1999, four drilling expeditions (Ocean Drilling Program [ODP] Leg 184 and IODP Legs 349, 367, and
368) have been conducted at the northern margin of the SCS. Two IODP Sites 1501 and 1505 are located over
the OMH, which forms the oceanward boundary of the Liwan sag basin (Figure 1). The preliminary time‐
depth correlation and age model obtained from the two sites over the OMH are coherent with our interpre-
tation (Jian et al., 2018; Larsen et al., 2018b), so the sequence boundaries T60 and T80 are well constrained
on the seismic lines. Thus, in addition to unconformity T70, T80 is a major unconformity, corresponding to a
regional tectonic event (second episode of Zhuqiong extension).

This study is mainly based on the description and interpretation of a new 3‐D seismic data set imaging the
sedimentary infill and deformation of the Liwan sag basin and regional 2‐D seismic lines imaging the under-
lying crustal structure of the whole margin. Based on the sequence division boundaries T80, T70, and T60
drilled in wells and described in previous studies, in this paper we further define our own seismic‐
sedimentary units below the T80 boundary. The definition of the seismic‐sedimentary units is based on
the observation of the seismic reflection geometry, the seismic stacking patterns, and the seismic facies made
on numerous seismic lines of the 3‐D seismic survey. Such units cannot be correlated directly with the strati-
graphic levels in the proximal margin. Thus, we cannot date the seismic‐sedimentary units directly, but we
can at least define time lines in the southern distal PRMB.

4. Results
4.1. Basement and HARs

Due to the low seismic resolution, the lack of deep wells in the basin, and the hyperextended nature of the
Liwan sag basin, the nature of the basin's basement flooring is unconstrained. Although several competing
models made clear predictions about the nature of the basement (Gao et al., 2015; Miao et al., 2013; Zhou
et al., 2018), at present none of these models have been tested by drilling. At present, there is little consensus
among different interpretations. However, the high‐resolution 3‐D seismic data acquired recently and used
in this study provide an excellent chance to analyze the structures of the crust flooring the Liwan sag basin.
In the 3‐D seismic survey (Figure 2), High‐amplitude reflectors (HARs), located from about 3.7 to 6.6 s
(TWTT) and occurring throughout the Liwan sag basin, are the most prominent structures. These HARs
exhibit irregular undulations and predominately dip oceanward.

As shown in Figure 2, the HARs subdivide two first‐order seismic sequences, referred to as the sub‐HARs
and the supra‐HARs (Figure 2). The sub‐HAR sequence is characterized by low‐frequency, low‐amplitude
reflections, which can be subdivided into two packages. The upper one consists of moderate continuous
reflections that are parallel to the undulating HARs. The bottom one consists of low‐frequency reflections,
in places showing a variation from distinctly oblique to parallel with the overlying HARs. Farther oceanward
it appears that these reflections converge and finally merge with the HARs. In contrast, the supra‐HAR
sequence is characterized by alternating high‐frequency transparent and high‐ to moderate‐amplitude
reflections. The deformation structures observed in the supra‐HAR sequence, characterized by abundant
normal faults and domes, are strikingly different from those observed in the sub‐HARs sequence.
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Figure 2. (a and a') Interpretation of time migrated seismic line showing the structural configuration of the Liwan sag
basin (for location see Figure 1). High‐amplitude reflectors (HARs) divide the whole section into two sequences show-
ing strikingly different reflections and structures. Note that the bottom sub‐HARs consist of oblique reflectors underlying
strong reflections that are parallel to the undulating HARs. (b and b′) Part of a long cable time migrated seismic line.
Interpretation shows more details below HARs and potential top of crystalline basement. The HARs were mapped though
the 3‐D seismic survey and the HARs in (b) correspond to a mapped surface. Note the bottom sub‐HARs showing
well‐layered reflections reaching to more than 7‐s (TWTT) depth.
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Considering that the upper packages in the sub‐HAR sequence is well laminated and continuous, a sedimen-
tary rather than a crystalline nature of the basement is considered for this unit. The deeper packagemay con-
sist of hyperextended crystalline basement (Figure 2b). In contrast, the seismic architecture changes
strikingly in the overlying sequence, especially between the HARs and T70, the latter corresponding to onset
of seafloor spreading farther outboard. Indeed, the seismic images show that this sequence experienced com-
plicated deformation in response to the development of the rifted margin preceding lithospheric breakup in
the SCS. Whatever the interpretation of the HARs is, it represents a key structure with respect to the tectono‐
sedimentary evolution of the Liwan sag basin.

4.2. Sedimentary Units in the Supra‐HAR Sequence

In the following paragraphs, seven seismic‐sedimentary units between HARs and T60 are defined and
described (Figure 3). The main characteristics of these seismic‐sedimentary units are described below in
terms of boundaries, geometry, seismic architecture, and structures. We will discuss, where appropriate,
the age of the units and the location of depocenters, referred to as the location of the thickest sediments
in the different units.
4.2.1. Sedimentary Unit 1
The basal seismic‐sedimentary Unit 1 (U1) corresponds to the first identifiable unit, of which the lower limit
is the deep‐seated, undulating HARs. The upper limit is marked by a low‐ to moderate‐amplitude, continu-
ous reflector. U1 comprises subparallel internal reflections in the upper part to low‐amplitude chaotic reflec-
tions in the lower part (Figures 3 and 4). In the proximal part, U1 is affected by several intraunit normal
faults, which dip oceanward and sole out on the low‐amplitude reflectors, which overlie HARs and show
thickening in the footwalls of normal faults. These faults that create small offsets in the U1 are inferred to
have been active during the deposition of U1. Affected by such syndepositional faults, the thickness of U1
reaches its maximum in the most proximal Liwan sag basin. The low‐amplitude reflectors are not limited
in U1 but comprise the sediments from overlying units (Figures 3 and 4), which makes it difficult to distin-
guish U1 from the overlying units and to define the oceanward extent of this unit. As shown in Figures 3 and
4, no direct data constrain the age of U1.
4.2.2. Sedimentary Unit 2
A thick, well‐stratified package downlapping toward the top of U1 is referred to as a younger seismic‐
sedimentary Unit 2 (U2) in the proximal part. In the central and distal parts, sediments of U2 merging with
U1 comprise the low‐amplitude reflectors in the bottom. The top of U2 is confined by a moderate‐amplitude,
continuous reflector. U2 is characterized by variable amplitude and continuity in seismic character
(Figures 3 and 4). In the proximal part, it appears as transparent, discontinuous reflections, whereas in
the central and distal parts, U2 has moderate‐ to high‐amplitude, moderate to fairly continuous reflections.
U2 is marked by a first prominent, progradational sequence (Figure 5a). A typically stratal architecture is
visible, that is, with an ascending trajectory, oceanward foreset increasing angle and offlap. The foreset dis-
playing a rollback anticline is likely associated with a dip change in the fault (Figure 3). U2 is affected by
dome‐shaped structures (Figure 4), consequently resulting in the postdepositional uplift and rotation of
the progradational sequence. In the proximal part, U2 is affected by intraunit normal faults with small off-
sets. These faults root at the low‐amplitude reflectors overlying HARs. The depocenter of U2 coincides with a
progradational sequence.
4.2.3. Sedimentary Unit 3
Unit 3 (U3) conformably overlies U2. Its top is located at the base of a low‐amplitude reflector, which in
places is unconformably separated along the unconformities T80 or/and T70 from the overlying sediments.
U3 appears well stratified with parallel reflectors with moderate amplitude. Like U1 and U2, U3 is affected
by intraunit normal faults. These faults sole either in U2 in the proximal part of Figure 3 or onto the low‐
amplitude reflectors in the central part of Figure 4. They are inferred to be active during the deposition of
U3, whereas those soling in U2 and U3 in the proximal part of Figure 4 were active during deposition of
U4 and U5. Farther southward, U3 is, together with U1 and U2, involved in an anticline structure, the crest
of which was uplifted, reaching a height of more than 2‐s TWTT above the basal HARs. At the crest of this
structure, U3 underwent substantial erosion, as marked by the unconformities T80 or T70. In the two limbs,
U3 shows parallel reflectors that are conformable with the antiformal geometry (Figure 5b). No thinning
toward the crest is visible. It is notable that in the southern limb of the dome, U3 is affected by a normal fault,
which is separated from younger sediments (Figure 4). The fault offset reaches up to 1‐s TWTT. The
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thickness of U3 appears relatively thin and constant compared with that of U2. Neither the deposition age
nor the unequivocal sedimentary extent of U3 can be defined.
4.2.4. Sedimentary Unit 4
U3 is conformably overlain by a younger seismic‐sedimentary unit, referred to as U4. The upper limit of U4
is defined by the base of U5; however, in the proximal part, U4 and U5 were substantially eroded. As a con-
sequence, U4 is directly topped by the continuous erosional surface T80, exhibiting high‐amplitude, fairly
continuous reflections that mark intense truncations and form a significant hiatus (Figure 5b).
Occasionally, its top is defined by the upward change to the transparent reflectors (Figures 3 and 4). U4
has a continuous seismic character with variable amplitudes. In the southern limb of the dome, U4 shows
distinctly different depositional geometries from U3. Whereas U3 shows constant thickness and parallel
reflections, U4 is characterized by sigmoidal shapes comprising a high‐angle progradation system with
well‐defined topsets, foresets, and downlapping sequences onto the base of U4. In the proximal part, U4
and its eroded top surface T80 are affected by several normal faults with small offsets. In the central part,
U4 has been affected by dome‐shaped structures as well as U1–U3. Farther southward, a large‐offset normal
fault affecting the progradational pattern of U4, roots into the HARs. The basal sediments of U4 display
downlaps toward the fault planes (Figure 5c). Generally, the depocenter of U4 is located at the southern limb
of dome 1. In the most distal part, several faults cut through the HARs and terminate in the upper package of
the sub‐HARs.

Figure 3. Seismic line and interpretation, showing the structures, boundaries, and characteristics of the seven seismic‐
sedimentary units (for location see Figure 1). Note that the normal faults sole out onto the low‐amplitude reflectors
thickening in the footwalls of normal faults and overlying high‐amplitude reflectors (HARs). All faults terminate in the
supra‐HARs. Dome 2 displays almost a symmetric structure; the reflectors in the crest of dome 2 exhibit a pull‐up
geometry.
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4.2.5. Sedimentary Unit 5
The boundary between the seismic‐sedimentary Unit 5 (U5) and U4 is evident as shown in the southern limb
of the dome (Figure 5c), where it is unconformable. Compared to U4, U5 appears less stratified with gener-
ally transparent internal reflectors, which show a little sense of progradational geometry downlapping onto
the base of U5 (Figure 3). U5 is capped by the unconformity T80, which has substantially truncated the
underlying sediments from U3 to U5. As a consequence, U5 has been totally eroded in the northern
Liwan sag basin. U5 in the southern limb of the dome is affected by a high‐angle normal fault, which roots
into the low‐amplitude reflectors. Like U4, the deposition of U5 is influenced by the occurrence of this fault,
exhibiting an oceanward tilting along with the fault plane and thickening into the hanging wall, correspond-
ing to the depocenter of U5. In the distal part, U5 is involved with the underlying units in another new dome‐
shaped structure. In the crest of this structure, a significant truncation corresponding to the T80 unconfor-
mity seals the faults crosscutting the HARs.
4.2.6. Sedimentary Unit 6 (T80–T70)
Unlike the units described above, sedimentary Unit 6 (U6) is widespread in the Liwan sag basin (Figures 3
and 4). Its base is limited by T80 and its top by T70, showing prominent reflectors with higher amplitude
than the reflections of U6. Significant erosional truncations of U6 caused by T70 can be observed

Figure 4. Seismic line and interpretation, showing the structures, boundaries, and characteristics of the seven
seismic‐sedimentary units (for location see Figure 1). Note the occurrence of normal faults in the proximal part soling out
either onto the high‐amplitude reflectors (HARs) or onto the low‐amplitude reflectors. The location of dome 1 correlates
with an antiform in the sub‐HARs.
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throughout the basin except in the southernmost part (Figure 3), indicating a widespread hiatus during the
early to late Oligocene. Locally, the interface T70 exhibits unconformable contacts with the underlying
interface T80. U6 is composed of continuous and low‐ to moderate‐amplitude reflectors. Several normal
faults affecting U6 seem to create variable offsets, with the maximum reaching up to 0.7‐s TWTT. This
fault with the largest offset correspondingly controls the sedimentary wedge of U6 in the hanging wall. In
the distal part, two dome‐shaped structures confine a small isolated syncline filled by U6, which presents
a predominantly aggradational stacking pattern with prominent downlapping reflections toward both
limbs, marking the main depocenter of U6. The thickness of U6 is greatly variable, as it is affected by
syndepositional normal faults and dome‐shaped structures. Defined by two regional unconformities, U6 is
inferred to be deposited during the late Eocene to early Oligocene.

Figure 5. Zooms of seismic lines shown in Figures 3 and 4 showing the major unconformities and deformation/depositional geometries and structures. (a) The
prominently progradational sequence and the ascending trajectory associated with U2; (b) U3 with parallel reflection shows conformable geometry with the
underlying antiform. U3 is erosionally truncated by the surface T80 and T70 at the crest of the dome 1, as well as U4. Low‐amplitude reflectors overlying
high‐amplitude reflectors (HARs) thicken in the footwalls of normal faults. (c) Both U5 and sigmoid‐shaped U4 comprise progradational sequences. Note that U4
and U5 display a high‐angle ascending trajectory and slightly descending trajectory, respectively. U6 displays an aggradational geometry. Fault affected U4 was
downlapped by the basal sediments of U4. The faults affecting U4 and U5 both root into the low‐amplitude reflectors. (d) Erosional truncations caused by the T80
boundary at the crest of dome 2. The basal sediments of U6 onlap toward the crest of dome 2. (e) Erosional truncations caused by T70 and T60. Note the basal
sediments of U7 downlap toward the crest of the dome. For locations see Figures 3 and 4.
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4.2.7. Sedimentary Unit 7 (T70–T60)
Seismic‐sedimentary Unit 7 (U7) lies on a major unconformity surface T70 above U6, capped by a high‐
amplitude, fairly continuous reflector correlated to the erosive boundary T60. U7 corresponds to a widely
distributed unit in the Liwan sag basin. It consists of continuous reflectors, with a few prominent reflections
in its lower distal part. The reflections with moderate amplitude in the proximal part are predominantly sub-
horizontal, draping the underlying U6. Those with high amplitude in the distal part show onlapping toward
the underlying structural highs. Most structures (faults and domes) are sealed by T60. Some small‐scale
faults cutting into U7 and the overlying sediments generated little displacement. Since the base of U7 is
affected by some normal faults and locally uplifted, the thickness of U7 is greatly variable, and the depocen-
ter appears at the most distal part. U7 was deposited during the late Oligocene and comprises the first postrift
sedimentary sequences.
4.2.8. Summary of Sedimentary Units
Seismic observations allowed us to define seven seismic‐sedimentary units (U1 to U7) based on the seismic
geometry, the seismic stacking pattern, and the seismic facies made on lines of the 3‐D seismic surveys. All
units thin oceanward and are juxtaposed at their distal part, leading to difficulty in following and mapping
their distal boundaries. Moreover, the intraunit low‐amplitude reflectors overlying the HARs make it diffi-
cult to define the boundaries of the units. In the proximal part, low‐amplitude reflectors are observed at the
bottom of U1; in the central and distal part, they comprise sediments from U1 and U2 and even U3. All sedi-
mentary units can be identified on all seismic lines interpreted in this study. Generally, the low‐amplitude
reflectors are marked by thickening under the faulted blocks. Our interpretation indicates that each unit
coincides with a characteristic stacking pattern and distribution. Only the ages of U6 and U7 can be inferred
by integrating stratigraphic information from available wells and previous studies. U7 represents the first
postrift sedimentary sequence dated from 32 to 23Ma, and U6was deposited during the last stage of themar-
gin formation. Units beneath U6 record the deposition and deformation related to hyperextension.

On the basis of mapping of these units in the 3‐D seismic data, we were able to build a stratigraphic frame-
work and correlate a number of the structures and reflections from north to south across the Liwan sag
basin. Moreover, the sedimentary architecture provides insights into the evolution of the basin, which will
be used to discuss the tectono‐sedimentary evolution of the basin and of the overall margin.

5. Discussion
5.1. Tectono‐sedimentary Analysis of U1 to U7
5.1.1. Stratigraphic Framework and Depocenter Migration
Based on the identification of boundaries between different units, we were able to establish a stratigraphic
framework (Figures 6a and 6b). U2 lies conformably on top of U1, whilst U3 lies conformably on top of
U2. Post‐U3, prominent unconformities can be found, reflecting strong erosional events at the local
and/or regional scale of the margin. U3 is topped by unconformity T80, in the crest of the domes by T70,
where the overlying U4 has been completely eroded. In the proximal part, U4 is directly capped by the
unconformity T80, the truncation of which results in the absence of U5 in the proximal part, whereas in
the distal part, U4 is conformably overlain by U5. As a response to the truncation by the major unconformity
T80, the remnants of U5 are only preserved oceanward of the anticline structure. U6 is topped by the most
important unconformity T70, which not only truncates the underlying U6 and U5 but also truncates the U3
in places. The erosive attitude on the top of U6 can be observed throughout the Liwan sag basin, suggesting a
significant regional erosive process. As the upper limit of U7, the T60 boundary seals most of the structures
(faults and dome‐shaped structures), presenting locally erosional truncations at the crest of dome 1
(Figure 6b). The faults cutting across U7 and overlying sequences with little displacement may be caused
by differential compaction effects after T70.

In all sedimentary units, the depocenters can be clearly defined (Figures 6a' and 6b' and 7a–7g). Controlled
by the syndepositional faults, the depocenter of U1 is distributed in the most proximal part. The foresets of
the progradation sequences related to the high sediment supply define the depocenter of U2, which is
located south of the depocenter of U1. The thickness of U3 varies slightly in the whole sag, with the maxi-
mum thickness of over 400 ms located in the proximal part. However, concerning the sediments of U3 were
prominently eroded in the crest of the dome, if the eroded sediments were taken into account, the original
maximum thickness of U3 is inferred to locate in the crest of dome. The thicknesses of U4 and U5 reach their
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maximum in the southern limb of the dome, which is enhanced by the normal faults with large offsets
developed in the limb. The depocenter of U6 is confined in a synclinal transition zone between two
domes. U7 with variable thickness is widespread in the Liwan sag basin, and its depocenter appears at the
most distal part, which is affected by normal faults located on the southern limb of the dome. Generally,
the depocenters of the seven units exhibit an in‐sequence oceanward migration in the Liwan sag basin

Figure 6. Systematic interpretation of seismic lines for Figures 3 and 4, respectively. (a and b) interpretation showing the
stratigraphic framework, erosional unconformities, and inner‐unit stacking patterns. Note that T60 seals most of the
structures. (a' and b′) Interpretation showing the depocenters of the seven units and the related faults migrating in
sequence oceanward.
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(Figures 6a', 6b', and 7h), in which the basal depocenter with respect to U1 develops in the proximal part, and
the top one with respect to U7 in the most distal part.
5.1.2. Sediments/Depositional Environments
Each of the seismic‐sedimentary units defined in the previous section coincides with characteristic deposi-
tional and erosional architectures corresponding to aggradational, progradational, or regressional systems.
Mapping these architectures on the seismic profiles shows lateral and general variations of the stacking
patterns, which allows us not only to infer the sediment supply and sedimentary environments but also to
discuss potential variations in the accommodation space.

Figure 7. Variation of thickness and migration of depocenters, see Figure 1 for the map location. (a to g) Variation of thickness from U1 to U7. (h) The distribution
of over 400‐ms‐thick sediments showing the southward depocenter migration. The white surfaces correspond to erosional surfaces.
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5.1.2.1. Stacking Patterns
Based on our description, the stacking pattern of each unit is shown in Figure 6. U1 exhibits chaotic to
discontinuous internal reflections, downlapping onto the HARs in the distal part. U2 is prominently char-
acterized by a Gilbert‐delta facies assemblage, consisting of planar‐stratified, flat‐lying oceanward dipping
topsets, steeply inclined foresets, and tangential bottomsets (e.g., Colella, 1988; Ethridge & Wescott, 1984;
Postma, 1990). U3 generally presents fairly continuous parallel reflectors, which are uplifted and trun-
cated by the T80 and T70 boundaries. Similar to U2, U4 and U5 are marked by progradational sequences.
U4 comprises a high‐angle, progradational sequence with increasingly sigmoid‐shaped progradations
oceanward. The overall depositional architecture is controlled by normal faults and nonfilled accommo-
dation space. For instance, the bottom sediments are mounded on the inclined fault plane. However,
in U5, only clinoforms dipping oceanward can be observed; the topsets and part of the foresets have been
eroded. In general, from U1 to U5, clinoform toes downlap onto the base of each unit. U6 is characterized
by an aggradation within a small isolated synclinal region confined by two dome‐shaped structures, the
sediments downlapped laterally and/or distally. U7 not only exhibits onlapping toward the topographic
highs but also shows subhorizontal layering filling and draping farther oceanward, which is similar to
the sequences above U7.

The overall observations show that out of the seven units, three (U2, U4, and U5) exhibit an oceanward lat-
eral transition from progradational systems to downlapping geometries. This observation is suggestive of suf-
ficient sediment supply and rapid deposition under shallowmarine conditions to the north and deepening of
the basin oceanward during individual episodes of progradation. New progradational sequences are always
generated in the direction of the future ocean, which is interpreted to reflect the creation of new accommo-
dation space oceanward during the deposition of U1 to U5.
5.1.2.2. Lateral Migration of Stacking Patterns
Herein, we introduce the trajectory concept for further describing the resultant geometries and architectures
of sedimentary deposits and for identifying the lateral migration of depositional cycles. The trajectory con-
cept invoked in the study of the shoreline trajectory by Helland‐Hansen and Gjelberg (1994) and Helland‐
Hansen and Martinsen (1996) has been widely applied to the study of shelf‐edge trajectories (e.g., Carvajal
& Steel, 2006; Johannessen & Steel, 2005; Steel & Olsen, 2002), in both delta‐scale and continental
margin‐scale clinoforms, both of which are relevant to our study.

Trajectories are typically described from seismic data sets, where vertical stacking patterns and proximal to
distal variations in the depositional architecture are well constrained (Figure 8). U2 is characterized by a
moderate‐angle (Figure 8) ascending trajectory consisting of upward stepping and gently dipping clino-
forms. U2 has experienced counterclockwise rotation affected by the related faults; the original trajectory
of U2 is thus interpreted as slightly ascending. U4 displays a high‐angle (Figure 8) ascending trajectory,
which is much closer to the aggradational geometry. This contrasts with the slightly descending trajectory
of U5, which is erosionally truncated by the T80 boundary. Trajectory pathways in this margin during the
deposition of U1–U5 are progradational in an ascending or descending manner. Internally, the rising trajec-
tories of U2 and U4 consist of upward stepping clinoforms, increasing slope length, and rapid deposition of
sediment on the upper slope, which is interpreted to have migrated oceanward during rising accommoda-
tion space, whereas the descending trajectory with downward stepping clinoforms implies a slightly falling
accommodation space.
5.1.2.3. Variation of Paleo‐water Depth and Depositional Environments
The variation of stacking patterns characterized by several inner‐unit and intraunit oceanward progradation
systems is indicative of the development of the sag infill. Individual progradation systems, defined by topsets,
represent shallow‐water morphological platforms, while the slope of the clinoforms grades down into deeper
water, whereas, the bottomsets represent the deepwater toe to basin‐floor areas. In other words, during the
deposition of U2‐U5, the delivery system changes from topset to foreset to starved basin‐floor, indicative of
an increase of paleo‐water depth from north to south.

Different from the underlying progradational patterns, U6 is marked by a predominantly aggradational sys-
temwithin a small isolated synformal region, reflecting limited accommodation space. Sediments of U7may
be deposited in different sedimentary setting; the draping ones in the proximal part are likely pelagic,
whereas the onlapping ones with high amplitude in the distal part are more likely turbidites. U7 is therefore
interpreted as a transitional package from an aggradational to a passive infill system.
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5.1.3. Structures
5.1.3.1. Normal Faults and Shale Rollers (Low‐Amplitude Reflectors Overlying HARs)
In the Liwan sag basin, only a few faults are be observed to penetrate at depth into sub‐HARs. Most of the
faults are small and rooted either into the foresets of different units or the low‐amplitude reflectors or
HARs. Supra‐HARs U1 to U7 present oceanward dipping reflection sequences thickening into the hanging
walls of the related faults (if they are not rotated during the formation of the domes). Such growth structures,
classically interpreted to form during syndepositional faulting, can be identified in all profiles.

Most syndepositional faults display listric geometries controlling the depocenters. For instance, the related
faults of U1, U4, U5, U6, and U7 caused the reflectors to thicken into the related hanging walls where the
depocenters are localized (Figures 5 and 6). Furthermore, based on analysis of growth strata, the relative tim-
ing of faults can be constrained. In the proximal part, thickening of the sediments toward the hanging wall
(Figures 3, 4, and 6) suggests that these faults were active until the deposition of U4. The faults affecting U4
and U5 formed in sequence in the middle and distal parts. Few faults terminate at T60. Thus, fault activity
migrated toward the future ocean, consistent with the migration of the related depocenters. However, the
syndepositional faults affecting U6 seem to form out of sequence. These faults can be observed not only in
the proximal part (Figures 3 and 4) but also in the aggradational sequences of U6 in the distal part (Figure 3).

We notice the occurrence of low‐amplitude reflectors thickening in the footwalls of listric faults. They are
markedly asymmetric, show variable thicknesses, and are mainly localized at the bottom of the supra‐
HARs. In the proximal part, low‐amplitude reflectors consist of the basal sediments of U1; in the central part,
they consist of sediments from U1 and U2; and in the distal part, they comprise sediments of U3. Such low‐
amplitude reflectors are interpreted as shale rollers (e.g., Ge et al., 1997; Oliveira et al., 2012; Rowan et al.,
2012). The sedimentary environment in the Liwan sag basin shows similarities with the Niger delta, with
both indicating sufficient sediment supply and rapid deposition under shallow marine conditions during
individual episodes of progradation. As a consequence, the shales in the prodelta preserved substantial por-
osity and pore fluids and became overpressured during loading by the prograding deltas. During this stage,
the clays behaved in a macroductile manner and led to the development of shale rollers (e.g., Evamy et al.,
1978; Morley, 2003; Nemcok et al., 2005; Rowan et al., 2004). However, most faults sole out either onto the
shales or HARs. It is therefore difficult to differentiate between the faults related to tectonic extension and/or
to gravity gliding associated with the withdrawal and forward movement of overpressured shales, whereas
the deposits of U4 and U5 in the southern limb of the dome could be ascribed to gravity sliding. Shale mobi-
lity and shale rollers triggered by overlying deltaic loading could be mostly postdepositional, but unfortu-
nately, it is not possible to constrain the precise timing of the shale rollers in the Liwan sag basin. In the
proximal part, the shale rollers comprising shales of U1 and U2 are related to the prograding of deltas in
U1 and U2. The shale mobility continued with prograding deltas in U4 and U5 and shale rollers

Figure 8. Trajectory pathways showing the variation of inner‐unit and intraunit stacking patterns. Note that the tectonic
extensional faults sole either onto the HARs or onto the shale. For location see Figure 6.
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developed between the domes, which consist of prodelta shales from U1 to U3. The southern domes seem to
serve as barriers to prevent further southward mobility of the shales.
5.1.3.2. Dome‐Shaped Structures
5.1.3.2.1. Large‐Scale Domes
Four mappable large‐scale syndepositional domes have been recognized in the Liwan sag basin (Figure 9).
All domes display overall upright axial planes and asymmetric shapes. Most domes are truncated by the
unconformity T80 and/or T70 in the crest (Figures 5b, 5d, and 5e) and are overlain by younger sediments
downlapping onto the limbs. Such downlapping geometries together with related deformation in U1–U7
indicate the relative timing of the development of the dome‐shaped structures discussed in the following
paragraphs. In the planar view, all domes are irregular both in shape and in position (Figure 9a). They are
referred to as D1, D2, D3, and D4, respectively. The domes show 8‐ to 20‐km wavelength and up to 1.5 s
in height.
5.1.3.2.2. Timing of Dome‐Shaped Structures
The relative timing of the creation of dome‐shaped bodies can be deduced by analyzing the growth strata.
Figures 3–5 provide constraints on the timing of D1 and D2 formation. Both U2 and U3 were uplifted by
D1, and U3 was truncated by T70. U4 predominantly occurs on the southern limb of D1, with the bottom
sediments mounded on the related fault plane. These observations indicate that D1 was generated postdepo-
sition of U3 or predeposition of U4, and part of U4 sediments are probably derived from the eroded U3 in the
crest of D1. The sediments of U7 display onlapping relationships toward the crest of D1, which is truncated
by T60 (Figure 5e), indicating that D1 ceased activity at the end of deposition of U7. Oceanward, U6 shows
aggradation patterns and laterally onlaps toward the two sides of the topographic high (Figure 5c). D2 there-
fore is inferred to have grown postdeposition of U5 or predeposition of U6. The deposition of U6 is limited, as
a result, in this subbasin and aggrades upward. The sediments of U7 passed D2 and onlapped continuously
landward, indicating that D2 ceased activity at ~32 Ma, a little earlier than D1. Along the seismic profile
(Figure 9b), the typical sigmoidal shape of U4 changes; the distal U4 is prominently squeezed up and thinned
toward the crest of D3. D3 is thus inferred to have grown syndeposition of U4 and ended activity

Figure 9. Distribution and timing of the large‐scale domes. (a) Distribution of four large‐scale domes and the timing of
formation. Dome 1 formation postdates deposition of U3 but predates deposition of U4; dome 2 formation postdates
deposition of U5 but predates deposition of U6; dome 3 formation occurred during deposition of U4; dome 4 formation
postdates deposition of U5 but predates deposition of U6. The domes in the proximal part occurred earlier than those in the
distal part. (b) The growth strata associated with dome 3, showing U4 is prominently squeezed up and thinned toward the
crest of D3, evidence that D3 grew during deposition of U4. For location see Figure 8. (c) The growth strata associated with
the dome 4; note that sediments of U6 onlap toward D4 and get truncated by T70, indicating that D4 grew during
deposition of U6. For location see Figure 2a.
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predeposition of U7. The growth strata associated with D4 shows many similarities with what has been
observed around D2 (Figure 9c). Sediments of U6 onlapping toward D4 are truncated by T70, indicating that
D4 was generated postdeposition of U5 or predeposition of U6.

The interpretation of the syntectonic strata indicates that these dome‐shaped structures show remarkable
variation in time and space. D1 and D3 in the proximal part were generated earlier than D2 and D4 in the
distal part. It is noteworthy that all domes remained active for a long period and cease growth almost coev-
ally at the end of deposition of U6. An exception is D1, which is sealed by the top of U7.
5.1.3.2.3. The Mechanism of Dome‐Shaped Structures
The highs in the sub‐HARs show similar undulations like the HARs and the overlying large‐scale domes
(Figures 2–4). We thus consider all domes to be related to deep structures. However, due to limitations in
the resolution and the processing of seismic data, the processes that control these structures remain unclear,
although timing and the dome‐like shapes of these structures favor a magmatic origin. That is to say, such
domes mainly correlate with the prebreakup emplacement of magmatic bodies at depth. With the exception
of D1, whose growth lasted until the end of deposition of U7, all other domes ceased their activity when
breakup occurred, as indicated by the fact that they are sealed by T70, corresponding to the onset of
seafloor spreading.
5.1.3.3. Decoupling Level (Nature of HARs)
In the Liwan sag basin, neither the HARs' nature nor their relationship with the underlying crystalline base-
ment is at present understood. Gao et al. (2015) interpreted the undrilled HARs as top crust in their geophy-
sical model. Miao et al. (2013) interpreted the HARs as the base of Cenozoic sediments representing an
abrupt change in the sedimentary environment. Zhou et al. (2018) attributed the HARs to detachment faults.
However, in terms of our analysis, rare faults with big displacements can be observed cutting across the
HARs and penetrating into the sub‐HARs. Most normal faults sole out onto the HARs or prodelta shales,
so we consider that HARs are a decoupling level, which separates a supra‐HAR sequence characterized by
extensional deformation and gravity sliding above the shales from the sub‐HARs sediments. As for the com-
position, the HARs at the bottom of the shale layer may be constituted of shales; however, the possibility of
magmatic sills cannot be excluded. The sill emplacement may have occurred along the decoupling level in a
late stage of the synrift phase, when the HARs were no longer active as a decoupling level.

Because faulting and sedimentation are observed to propagate oceanward, the decoupling is inferred to form
under long‐term episodic deformation rather than as one single event. The decoupling is therefore diachro-
nous. High sediment supply overlying the mobile overpressured shales, and the tectonic extension respon-
sible for the opening of the SCS may have induced the decoupling along the shales (HARs).

5.2. Evolution of the Liwan Sag Basin During the Deposition of U1–U7

Based on seismic observations and correlations within a 3‐D seismic data set, we propose a stratigraphic fra-
mework, map sediment architectures, syndepositional faults, and domes that enable us to propose a concep-
tual model of the evolution of the Liwan sag basin during the deposition of U1–U7.

The analysis of the stratigraphic sequences, sedimentary system, and structures demonstrates that the sag
basin resulted from a fast sedimentary infill related to a migration of the depocenters toward the future
ocean and syndepositional extensional tectonics with gravity sliding (U1 to U3), predominantly decoupling
in the supra‐HARs. Magmatic addition at depth may have initiated during U4 to U5 and continued during
U6 when tectonic extension migrated oceanward. U7 represents early passive infill dominated by compac-
tional deformation with minor tectonic faulting and continuing magmatic addition at depth.

Stage 1: U1 to U3

The sedimentary stacking patterns show vertical and lateral differences during this stage. U2 is prominently
characterized by progradational sequences with a slightly ascending trajectory and bottomset, which is typi-
cally linked to Gilbert‐type deltas (Gilbert, 1885). In general, the proximal part of each unit is interpreted to
correspond to shallow marine conditions, which grade to deep water and basin floor conditions in the distal
part (Figure 10a). The paleo‐water depth increases toward the south. The inner‐unit and intraunit ocean-
ward progradation sequences are indicative of high sediment supply during this stage. Small‐scale shale roll-
ers can be observed in the proximal part. Deformation during this stage is accommodated by several normal
faults in the proximal part. Most faults cutting through the package of U1–U3 are syndepositional and
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synrift. However, it is difficult to distinguish between faults related either to tectonic extension or to gravity
sliding since both root onto the prodelta shales or the HARs. Because the northern continental margin of the
SCS was experiencing tectonic extension, we assume that the decoupling commenced at this stage, but only
affected the proximal part (Figure 10a). The stratigraphic architecture of the Gilbert‐type deltas has been
widely studied, enabling a characterization of the interaction of variation in accommodation space (A)
and sediment supply (S; e.g., Garcia‐Garcia et al., 2006; Gawthorpe et al., 1994; Rohais et al., 2008).

Figure 10. A model interpreting the tectono‐sedimentary evolution of the Liwan sag basin (restored from section in Figure 4) and a schematic model of the mid‐
northern South China Sea (SCS) margin (based on the observation of the Liwan sag) with their main characteristics. (a) Necking stage showing predominantly a
progradational system from U1 to U3 and normal faults rooting onto prodelta shales or high‐amplitude reflectors (HARs). Decoupling possibly occurred, the crust
and upper mantle of the mid northern SCS margin is still necking. (b) Hyperextension stage, the Liwan sag is characterized by sediment progradation. The domes
probably associated withmagmatic addition emplaced in the proximal part. The faults developing in the southern limb of dome or rooting onto shales are caused by
gravity sliding. Extension in the crust and the overlying synrift deposits remained decoupled. At the scale of the margin, the tectonic extension migrated toward the
future ocean, contributing to the formation of the hyperextended domain. (c) During breakup stage, minor, small‐scale extensional faults continued and were
distributed throughout the Liwan sag basin. The domes in the proximal part remained active and in the distal part newly emplaced. The decoupling was locked by
the magmatic additions in the distal part. The major tectonic extension at this stage is likely to have migrated outboard and resulted in final breakup. (d) Early
postrift stage, minor tectonic extension in themidnorthernmargin of the SCS did not stop after breakup.Magmatic addition remained locally active in the sag basin.
Tectonic activity completely ceased by the end of this stage.
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According to their results, U2, showing a progradational system, is subject to a regime of 0 < A/S < 1. The
progradation is due to the existence and/or creation of accommodation space, which in this stage could have
been contributed by tectonic subsidence due to crustal thinning. However, there is no direct evidence of
crustal thinning. High sediment supply along with creation of increasing accommodation space allowed
for a progradation of the depositional system.

Stage 2: U4 to U5

The generation of D1 after the deposition of U3 or prior to the deposition of U4 marks the end of stage 1 and
the onset of the creation of deep structures, probably related to magmatic additions at depth (Figure 10b).
Onemajor characteristic of stage 2 is intraunit depositional hiatus or erosion. U3 has been eroded in the crest
of D1 by T80. The whole U5 is absent in the proximal part, resulting from the truncation of T80. Oceanward,
migrating depocenters during the deposition of U4 and U5 indicate that the margin remained dominated by
sediment progradation with sufficient sediment supply. The emplacement of D1 could have caused U3 sedi-
ments to be eroded, reworked, and redeposited in the southern limb of D1 to comprise the progradational
sequences in U4. The subsequent sediments bypassed the existing topographic high (D1) and thicken in
the distal part. Both U4 and U5 are interpreted as shallow marine deltaic facies. The topset of clinoforms
in individual progradation systems associated with deltaic successions are considered to indicate shallow
water platform conditions. Southward, they grade into deep water, and the bottomsets represent the deep-
water toe to basin‐floor areas.

Stage 2 is tectonically marked by the emplacement of D1 and D3 in the proximal part and the shale rollers in
the central part. It is notable that the faults along with the oceanward dipping limbs of D1 and D3 root into
the foreset and control the depocenters of U4 and U5 (Figure 3), suggesting that they are syndepositional and
related to local gravity sliding. Such gravity sliding was induced by the southward progradating sediments of
U4 and U5. The shale layer in the distal part became progressively thicker due to the addition of the over-
lying shales from U2 and U3. At this stage, the Liwan sag basin was affected by tectonic extension; the pro-
minent thinning of the crust to <10 km may have occurred at this stage. The emplacement of magmatic
additions at depth may have locally interrupted the decoupling in the proximal part, while decoupling
and extension continued farther oceanward (Figure 10b), as shown by the fact that no fault penetrated into
the sub‐HARs.

In this stage, accommodation space was controlled by extension, eustasy, regional isostatic adjustment, and
gravity sliding. Ascending trajectories in U4 imply an increasing accommodation space. This accommoda-
tion space was most likely generated by eustasy superimposed on regional isostatic adjustment. However,
the sediment supply greatly outpaced the creation of the accommodation space, as indicated by the strong
progradation. In contrast, U5 implies a setting with slight falling accommodation space. The appearance
of erosional unconformities on top of U4 and U5 shows that the systems are prograding with A/S < 0 pre-
deposition of U6, which was probably caused by a combination of uplift driven by magmatic addition,
and high sediment input controlled by the progradation of the deltaic fan in a shallow marine environment.

Stage 3: U6

Stage 3 is tectonically marked by deep structures at depth with tectonic extension. In this stage, D1 and D3
remain active, while D2 and D4 initiated growth in a more distal position after deposition of U5 (Figure 10c).
The syndepositional faults found in the proximal part, in the crest of some domes, and in the distal part are
interpreted to occur under tectonic extension. This interpretation means that the tectonic extension is back‐
stepping or widening. Most structures (faults, shale rollers, and dome‐shaped structures) in the Liwan sag
basin ceasedmajor deformation coevally prior to deposition of U7.We can therefore conclude that active tec-
tonic extension and magmatic addition reached a climax during the deposition of U6. The decoupling was
invoked to explain crust thinning in the absence of faults that cut across and thin the crust. The decoupling
was locked in the distal part of the Liwan sag basin, probably by the emplacement of magmatic bodies (e.g.,
D2 and D4; Figure 10c). The aggradation system of U6 suggests that topographic highs associated with D2
served as barriers to prevent the oceanward transport of the sediments and controlled the observed aggrada-
tion. The aggradation system of U6 reflects a setting with limited accommodation, which was most likely
created by a combination of eustasy, background isostatic adjustment, and, most important, ongoing mag-
matism at depth and tectonic extension in the frontal part.
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Stage 4: U7

The whole Liwan sag basin entered the postrift stage postdating the opening of the SCS. Most structures
ceased to be active prior to the deposition of U7. Some small‐scale faults with little displacement may have
been caused by differential compaction. A few normal faults controlling local sediment thickening can be
observed as well (Figure 10d). But it is difficult to distinguish between differential compaction and minor
tectonic faulting. D1 remained active at this stage, indicating that the process related to its formation, which
is most likely magmatic addition, continued even after the opening of the SCS. Deformation attenuated gra-
dually and ceased during the deposition of U7, followed by subsequent quiescence postdeposition of U7.
Thermal equilibration and related subsidence became the dominant control of the increased
accommodation space.

5.3. Evolution of the Liwan Sag Basin Prior to the Deposition of U1

The well‐laminated reflectors below the HARs, as well as those coring the domes, are considered to repre-
sent sediments. The detailed structures in the sub‐HARs cannot be defined due to the resolution or proces-
sing of the seismic data. The highs in the sub‐HARs, most likely produced by magmatic additions, are only
roughly imaged; however, they affect the overlying sediments.

The sedimentsmarked bywell‐layered reflectors in the sub‐HARs can be observed as deep as 7 s (TWTT; e.g.,
Figure 2). The Moho depth is at more than 9.6 s (TWTT). According to the function of time‐depth conver-
sions proposed by Zhou et al. (2008), the top basement and Moho correspond to a depth of 13.2 and
20.1 km, respectively. So the crustal thickness is generally no more than 7 km in the Liwan sag basin.
Following the definition of hyperextension, which is defined as a crust thinned to less than 10 km (Sutra et al.,
2013), the Liwan sag basin can be classified as hyperextended. The complete decoupling between the supra-
shale and subshales may occur during hyperextension. Moreover, the structures responsible for the crustal
thinning must only exist below the decoupling level.

5.4. Evolution of the Liwan Sag Basin as Part of the Midnorthern SCS Margin

Following our observations, we interpret the predominantly oceanward inclined HARs as a decoupling
level, which continued to form through the development of tectonic extension, gravity sliding, and most
likely also magmatic additions. Decoupling initiated during the deposition of U1 and ended first in the prox-
imal part (syn‐U4?) and then in the distal part (syn‐U6) with the emplacement of the domes (D1 to D4).
Extensional faulting migrated oceanward as indicated by late faults in the OMH. The migration of extension
outboard is a key result of this paper. Unconformity T70 marks the transition from tectonic extension to
postrift thermal isostatic equilibration. Minor tectonic extension and addition of magma still continued dur-
ing deposition of U7 but finally ceased by the end of deposition of U7.

Our interpretation allows us to link our observations in the Liwan sag basin with first‐order tectonic pro-
cesses that controlled the evolution of the midnorthern SCS margin, that is, crustal thinning (tectonic
extension/decoupling/Moho structure) and related subsidence history and creation of accommodation
space. Moreover, we discuss the possibility of magmatic additions at depth and their effect on the supra‐
HAR infill history as a function of the evolution of the margin. Combined with the syndepositional evolution
of U1 to U7, we propose a conceptual model that describes the evolution of the distal midnorthern SCS mar-
gin in four stages.
5.4.1. Necking Stage (U1 to U3)
The deformation and the state of the crust/lithosphere prior to the deposition of U1 are little constrained.
The midnorthern continental margin of the SCS underwent significant tectonic extension during deposition
of U1 to U3. Normal faults developed in the proximal part of Liwan sag basin that sole onto the shales or
HARs. The mechanism controlling these faults is uncertain; it could be either tectonic or gravity sliding.
However, because no faults penetrated into the crust, the deformation in the supra‐HARs made little contri-
bution on the crustal and upper mantle necking in the Liwan sag basin. Thus, the intense extensional defor-
mation in the crust and upper mantle during necking, that is, during rapid thinning of the crust, to <10 km
had to be almost completely decoupled along the prodelta shales and the HARs in the Liwan sag basin
(Figure 10a). The only direct evidence for crustal thinning in the supra‐HARs is the oceanward increase
in total accommodation space (e.g., Sutra & Manatschal, 2012). We consider that the shale‐dominated
sequence overlying the HARs was deposited during decoupling and helped to keep the decoupling level
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efficient. The depositional architecture over the thinning crust shows that the proximal part of the basin was
filled to the top (sediment supply ≥ creation of accommodation space) as indicated by the occurrence of
Gilbert deltaic successions in U2 and progradation systems fromU1 to U3. The loading of rapidly prograding
deltas caused the flowage and expulsion of overpressured shales to form the shale rollers along active normal
faults soling into the shales. The simultaneous tectonic extension may have migrated farther outboard creat-
ing an underfilled basin over an actively thinning crust/lithosphere.
5.4.2. Hyperextension Stage (U4 to U5)
Decoupling with gravity sliding along the shales predominantly controlled the main synrift sequences in the
Liwan sag basin. The syndepositional deformation migrated oceanward together with the related depocen-
ters. Both tectonic and gravity‐sliding faults occurred in the central basin, migrating southward compared to
the necking stage. No faults cut through the sub‐HARs, suggesting that extension in the crust and the over-
lying synrift deposits remained decoupled (Figure 10b). The possible occurrence of magmatic additions at
depth may explain the formation of D1 and D3. Such magmatic additions formed as a consequence of the
rising asthenosphere. The continuation of progradational deltaic sequences (U4 and U5) and high sediment
supply indicates that the proximal Liwan sag basin remained mainly in shallow marine conditions. In
contrast, in the distal parts, the synextensional thermal equilibration may have caused an underfilled
domain. The preexisting shale layer in the central part was induced to initiate flowage under the loading
of progradational deltaic systems, resulting in the development of shale rollers below the fault blocks.
5.4.3. Breakup Stage (U6)
Themidnorthern SCSmargin experienced its last stage of tectonic extension during deposition of U6. D1 and
D3 remained active, while new domes (e.g., D2 and D4), most likely associated with magmatic additions,
initiated in the distal margin, indicating that the main tectonic structures had migrated southward, while
minor, small‐scale extensional faults continued and were distributed throughout the synrift infill of the
Liwan sag basin. The major tectonic extension is likely to have migrated outboard at this stage and contrib-
uted to the formation of a hyperextended domain outboard (Figure 10c), as evidenced by the faults penetrat-
ing into the crust underneath the OMH. In other words, the decoupling, locked by the magmatic additions
(D1 to D4), had to occur simultaneously with migration of extension in the distal part, resulting in the final
breakup. The sequential migration of deformation is reflected in the diachronous sedimentary sequences
that young toward the future distal margin. However, the topographic highs associated with D2 and D4
may have served as barriers to prevent the oceanward transport of the sediments and controlled the observed
aggradation in U6 in a limited accommodation setting.
5.4.4. Early Postrift Stage (U7)
The Liwan sag basin eventually became part of the distal midnorthern SCS margin, and the sag basin was
subjected to thermal subsidence. The faults affecting U7 were mostly produced by differential compaction.
However, minor tectonic extension in the midnorthern margin of the SCS did not stop after breakup and
during formation of first oceanic crust at around 30 Ma. Tectonic activity completely ceased by the time
T60 was formed. Magmatic addition remained locally active in the sag basin and migrated outboard during
this stage and may have affected the OMH (Figure 10d). The sedimentary system shifted during the deposi-
tion of U7 to a typical passive infill mode.

6. Conclusions

The aim of our study was to investigate, using a 3‐D seismic survey, how the tectonic extension and sedimen-
tary infill evolved in time and space in the Liwan sag basin located in the midnorthern continental margin of
the SCS. Major outcomes of this study are that (1) tectonic extension and the related depositional systems
migrated oceanward and (2) the synrift deformation in the basement is decoupled along prodelta shale layers
from deformation in the synrift sedimentary sequence. These observations suggest a diachronous oceanward
younging of the sedimentary and deformation processes. The decoupling between basement and the overly-
ing synrift sequence explains the lack of classical synrift wedges and that the overall architecture of the
synrift sedimentary sequence looks little deformed.

On the basis of seismic interpretation, we propose a new model for the evolution of the Liwan sag basin. In
this model, the decoupling developed during the deposition of U1–U5. The oceanward dipping HARs and
prodelta shale layers are demonstrated to act as a basal decoupling level between a strongly thinning
crust/lithosphere and a thick synrift sedimentary sequence. Late extensional dome‐like structures,
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probably related to magmatic additions, affected both the decoupling level (HARs) and the synrift infill.
During the last stage of tectonic extension, the thinning of the lithosphere reached a climax, reflected by
an oceanward increase of magmatic addition at depth that is linked to major lithospheric thinning.

High‐resolution 3‐D seismic data of the Liwan sag basin enabled us to understand the tectono‐sedimentary
evolution and to propose a coherent evolution of the distal midnorthern SCS margin. We believe that these
results will help to better understand rifted margins along which extension in the crust is decoupled from
extension in the synrift sedimentary sequence leading to so called sag basins.
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